In this paper, a liquid lenticular lens with correct focal length was designed by controlling the width of the electrode and analyzing the microfluidic phenomena at boundary between oil and salted water in the liquid lenticular lens. A liquid lenticular lens that has inaccurate focal length results in serious crosstalk and three-dimensional (3-D) image distortion. Therefore, to reduce the crosstalk, the liquid lenticular lens should be fabricated in such a way that the image plane of the LCD is at the focal plane of the lens. To do so, the width of the electrode was adjusted and saturation angle between two liquids and the sidewall of the chamber was measured. The optimum width of the electrode was derived by applying the saturation angle and a final sample having a short focal length was fabricated. When the width of the electrode was optimized, the crosstalk was measured at 21.95% and the value was 10% less than when not being optimized. Also, the viewing angle was increased up to 45°. As a result, this crosstalk reduction led to 3-D image enhancement.
Introduction
Many consumers are interested in 3D displays. In particular, consumers prefer to use 2D/3D switchable displays [1] - [5] without headgear or glasses. The 2D mode allows the user to enjoy the same performance as current displays, with the added advantage of 3D for enhanced reality and enjoyment.
The principle by which people perceive 3D is binocular disparity [6] , [7] . The binocular disparity is the main cue for depth. The two eyes look at an object from slightly different angles, and thereby have different views of it. The 3D depth can be obtained by using these different views. A way to express a 3D image on a flat panel display is to display a left-eye image and a right-eye image simultaneously and put each image into each eye, respectively. Generally, parallax barrier and lenticular lens types are employed to separate different images. The parallax barrier [8] - [10] is placed in front of a normal LCD. It consists of an opaque layer with a series of precisely spaced slits, allowing each eye to see a different image. A disadvantage of this method is that the user must be positioned in a well-defined location to experience the 3D effect and the brightness is reduced due to the opaque barrier. The lenticular lens [11] - [14] separates the left and right images by attaching a semi-cylindrical lenticular sheet acting as a convex lens. The lenticular lens type has no brightness reduction compared to the parallax barrier. However, in both cases, 2D/3D conversion is impossible. Therefore, many studies are currently underway to realize 2D/3D conversion displays based on these two types.
Among them, a liquid lenticular lens [15] , [16] is garnering attention as the next generation 2D/3D switchable display due to advantages such as superior optical properties, a simple fabrication process, a fast response time, a low power consumption, and no mechanical movement parts. The liquid lenticular lens consists of two immiscible liquids, one is conductive liquid and the other one is nonconductive liquid. When voltage is applied, various lens shapes can be formed by changing the interface between the two liquids. When the lens is formed into a flat shape, a 2D image is observed, as shown in Fig. 1(a) , and when the lens is formed into a convex shape, a 3D image is observed, as shown in Fig. 1(b) .
To view a clear 3D image, the liquid lenticular lens must have the correct focal length. There are two ways to focus on an image precisely in a liquid lenticular lens. One is to control the thickness of the substrate and the other is to adjust the focal length of the lens by adjusting the curvature of the lens. If the thickness of the substrate is large, the focal length should be long as shown in Fig. 2(a) , but the viewing angle becomes small and the crosstalk becomes large. On the other hand, if the thickness of the substrate is small, the focal length should be short as shown in Fig. 2(b) , resulting in a large viewing angle and a small crosstalk. Therefore, the lenticular lens having thin substrate and a short focal length is preferable. Here, we selected 500 μm PC (Poly Carbonate) substrate as the minimum thickness that does not bend during the process of heating. The detailed fabrication process was described in chapter 3.1.
However, it was hard to design the lenticular lens having an accurate focal length with thin substrate. As the voltage is applied, the shape of the lens becomes convex, resulting in a shorter focal length. However, since the lens became no longer convex beyond a certain voltage, the focal length did not match the distance between the lens and the image. In conclusion, the crosstalk and the quality of 3D image became worse, as shown in Fig. 3(a) . To reduce such phenomena, the liquid lenticular lens should be fabricated in such a way that the image plane of the LCD is at the focal plane of the lens, as shown in Fig. 3(b) .
In this paper, a liquid lenticular lens with correct focal length was designed by adjusting the width of the electrode through the tilted deposition method and analyzing the microfluidic phenomena at boundary between oil and salted water in the liquid lenticular lens. Samples with different electrode widths were operated to measure the dioptric power and the contact angle between two liquids and the sidewall of the chamber was also measured using the dioptric power. We found that the contact angle does not change any more as the voltage is increased. The ideal width of the electrode of the lens in which the focal length of the lens is exactly in the image was calculated by applying the saturated contact angle. The ideal electrode width and volume of oil were applied for successive switching of a 2D/3D display. We confirmed that the crosstalk was reduced to 21.95% and the viewing angle was increased up to 45°. As a result, the quality of 3D image was increased.
Theoretical Background
The basic operating principle of the liquid lenticular is to control the dioptric power by using the change of the contact angle between the two liquids and the sidewall of the chamber. The relationship between the parameters such as the contact angle, the radius of curvature, and the radius of the lens is represented in Fig. 4 . When voltage is applied, the contact angle becomes small and the radius of the lens become smaller, as shown in Fig. 4 . As a result, the lens becomes convex and the dioptric power becomes large. The refractive index of oil is approximately same that of PC chamber. The 20nm gold thick gold layer is deposited as an electrode on the sidewall and the electrode layer is opaque. Thus, a liquid lenticular lens in convex state is similar to a simple spherical lens array as shown in right part of Fig. 4 . In the case of the convex lens, the dioptric power is expressed by (1) where D is the dioptric power, f is the focal length, n 1 is the refractive index of the nonconductive liquid, n 2 is the refractive index of conductive liquid, and R 2 is the radius of curvature. A beam of light propagating from the layer n 2 (salted water) to the layer n 1 (oil) converges to a spot behind the lens. The distance from the lens to the spot is the focal length of the lens. The difference of refractive indices of these two liquids is 0.252. The relationship of the curvature and the contact angle of the lens is expressed by (2) cos(θ c − 35.3
where θ c is the contact angle and R 1 is the radius of the lens. After combining (1) and (2), the final dioptric power of the liquid lenticular lens is expressed by (3)
Experiments

Chamber Fabrication Process
A chamber was completely fabricated on the basis of LIGA (Lithographie Galvanoformung Abformung) technology. The LIGA process has advantages such as high reproducibility and accuracy of production. First, a (100) wafer was prepared and a 200 nm thick silicon nitride film was deposited on the Si wafer for a hard mask upon KOH etching, as shown in Fig. 5 (a). Silicon nitride was patterned by a conventional photolithography method, as shown in Fig. 5 (b). Etching was done with KOH solutions and the photoresist was removed, as shown in Fig. 5 (c)7-(e). Etching a (100) silicon wafer resulted in a pyramid shaped chamber with a 54.7 degree inclincation. Electroplating of nickel on silicon was then conducted, as shown in Fig. 5 (f). The nickel mold was separated from the silicon wafer. A polymer substrate was imprinted with the nickel mold by using a hot embossing method, as shown in Fig. 5 (g). The PC substrate was thermoformed at high pressure and high temperature with the nickel mold. The 0.5T substrate was selected because it is a minimum thickness that does not bend during the thermoforming process. The pyramid shape of the silicon wafer was transferred directly to the 0.5T PC, as shown in Fig. 5 (h). 20 nm Au was deposited on the sidewall of the PC chamber and 2 μm Parylene-C was coated by CVD (Chemical Vapor Deposition), as shown in Fig. 5(i) . For an electrowetting effect, electrical separation (dielectric) and a hydrophobic surface are required on the electrode, as provided by Parylene-C. The proper amount of oil was dosed in the chamber and it was immersed in a salted water bath. The refractive index of oil is approximately same that of PC. After sealing the chamber with ITO (Indium Tin Oxdide) glass using double-sided tape in the salted water bath, the chamber was removed from the salted water. The density of the oil and the salted water is almost same. Due to this density matching of the two liquids, the lens is insensitive to shocks, vibrations and gravity. Finally, the chamber was sealed once more with UV adhesive 81, as shown in Fig. 5(j) . The completed liquid lenticular lens is shown in Fig. 5(k) . The height of the chamber was measured as 207 μm and the pitch of the chamber was measured as 414.7 μm. The pitch of the chamber was intended to be 414.7 μm to match the size of the display pixel.
Experiment Results
In order to measure the contact angle between the sidewall and the two liquids, an operation test was performed with samples having different electrode widths. Various attempts were made to adjust the width of the electrode such as lithography method, a shadow mask method, and an inkjet method. However, it was difficult to apply these methods to 3D structure. In the lithography method, PR(Photo Resist) must be deposited with a constant thickness on the surface of the chamber, but it is hard to realize. In the shadow mask method, it is necessary to form narrow and long shape of openings, but such a structure was hard to sustain. Lastly, in inkjet method, it was difficult to obtain high resolution of the electrode, and the ink was flowed down due to the slanted chamber. Therefore, to adjust the width of the electrode, a tilted deposition method was used. Basically, gold(Au) is heated in a vacuum chamber until its surface atoms have sufficient energy to leave the surface. At this point, they will traverse the vacuum chamber and coat a substrate positioned above the evaporating material. The pressure in the chamber must be below the point where the mean free path is longer than the distance between the evaporation source and the substrate. The Au particles were then evaporated straightly. If gold particles are deposited on the tilted chamber as shown in Fig. 6(a) , the electrode can be deposited on the sidewall of the chamber, as shown in Fig. 6(b). Figs. 6(c)7-(f) show the various widths of the electrode obtained by controlling the tilted angle from 65°to 80°with a step size of 5°. Fig. 6(g ) is a graph that shows the width of the electrode according to the tilted angle, and the trend line is almost linear.
The dioptric powers were measured after adjusting the amount of oil in the samples with electrodes of different widths. Due to the characteristic of the lenticular lens, the images are enlarged or shrunk only in one direction. Therefore, if the voltage is applied after placing the stripe pattern under the liquid lenticular lens, as shown in Fig. 7(a) , the slope of the images is changed due to the magnification. The dioptric power was calculated by using (4)
where D is the dioptric power, f is the focal length, M is the magnification, and d is the distance between the stripe pattern image and the lens array. The magnification was calculated by using (5)
where θ 1 is the observed angle when the lens is flat, θ 2 is the measured angle when various voltages are applied, and M is the magnification. In the case of the sample in which 50% of the sidewall was deposited as an electrode, an oil quantity of 29.5 μl was injected. Using this sample, the distance between the liquid lenticular lens and the image(d), the radius of the lens(R) and the slope of the stripe pattern(θ) were measured by applying voltage from 0 V to 120 V, as shown in Figs. 7(b)7-(e) . By adjusting the focus of the microscope on the sidewall of the chamber, the boundary between the oil and salted water could be distinguished. Also, the exact d and R values were obtained through the ratio of the boundary line and the electrode. The boundary line was marked with a white dotted line.
With application of high voltage, the boundary line moves down alongside the electrode and the boundary was well maintained at a certain level. When the image is viewed through a microscope, it is seen that the boundary moved down to the end of the electrode. Due to the tilted deposition method, a thin electrode that is invisible to the naked eye was deposited. The boundary moved to below the end of the electrode and it was confirmed that even if a higher voltage was applied, it did not move down where there is no electrode.
The dioptric powers were measured after controlling the width of the electrode, as shown in Fig. 8(a) . The measurement method was the same as mentioned above. Before the measurement, the amount of the oil must be controlled according to the width of electrode. If the width of the electrode is fixed, the amount of oil will affect the stable operation of the sample. For example, when the amount of oil is small, the boundary between the oil and salted water does not reach the end of the electrode and the electrowetting phenomenon does not occur. On the other hand, if the volume of oil is large, the liquid lenticular lens fails to maintain its convex shape and the oil drop is formed. The oil drop moves up and down along the horizontal direction of the lenticular lens [17] . Therefore, the amount of oil is crucial factor in an electrowetting liquid lenticular lens for stable operation and it should be adjusted properly. In the case of 55%, 42% and 34%, 25.5 μl, 33.5 μl and 36.5 μl of oil were suitable. First, in the case of 34%, the dioptric power was measured from −913D to 2253D, in case of 42%, it was from −1026D to 2522D, and in case of 50%, it was from −1114D to 2875D and lastly, in the case of 55%, it was from −1276D to 2968D. In all samples, the dioptric power was zero at 40 V. This means the shape of the lens is flat. If the percentage of the electrode is more than 55%, the width of the electrode becomes too large and the amount of injected oil becomes very small. So, it is difficult to adjust the amount of oil in each cell and the yield of samples become bad. As the percentage of the electrode increases, the range of dioptric power becomes wide. The contact angle was calculated by using the measured dioptric power and (3), as shown in Fig. 8(b) . The trend line of the contact angle is generally similar and the contact angle was saturated at about 69°.
The size of the liquid lenticular lens and the contact angle are indicated to enhance understanding, as shown in Fig. 9(a) . Since the boundary between oil and salted water moves down to the end of the electrode, the value of R 1 (Radius of lens) is changed according to the width of the electrode. When the amount of oil was well controlled, the contact angle was fixed at about 69°. The relationship between R 1 and the focal length can be expressed by two equations. One is expressed as (6) by plugging the saturation contact angle in (3). (6) and (7). The other, which gives the focal length, is expressed as (7) because the focal length is the distance between the lens and the image. f = ((R 1 − 30.785 um) × tan 54.7
• ) + 293 um
Therefore, the graphs of (6) and (7) are plotted and the theoretical value of R 1 was obtained as shown in Fig. 9(b) . The theoretical optimal R 1 value at the intersection of the two lines is 74 μm. Theoretically, to obtain this value, the percentage of the electrode and the tilted angle should be 72% and 65°respectively as shown in Fig. 6(g) . However, there is a difference between the theoretical and experimental value of width of electrode. We already verified that the boundary between oil and salted water moved down to the end of the electrode and it does not move down any further at the area where there is no electrode. Due to the tilted deposition method, the electrodes were deposited wider than those observed with a microscope. This thin transparent electrode is invisible to the naked eye. In fact, electrode was deposited slightly more than it was shown. As a result, the radius of the lens also changes due to the invisible electrode. We summarized the theoretical and experimental values of width of electrode, radius of the lens and focal length in Table 1 . The theoretical value of the width of electrode was measured through image taken by a microscope as shown in Fig. 6(c)7-(f) . And the experimental value of the width of electrode was measured through operating experiment as shown in Fig. 7(b)7-(e) . It was confirmed that approximately 22% transparent electrodes were deposited. A sample with an R 1 value of 73 μm can be obtained by tilting the chamber with a 72.5 degrees inclination.
When fabricating a sample having such a large width of electrode, we have to consider two problems. One is the amount of oil and the other is the fill factor of the lens. As the width of the electrode increases, the amount of proper oil decreases as mentioned in chapter 3.2. We confirmed that when the width of the electrode is large, the proper amount of the oil becomes too small. As a result, the oil does not spread uniformly in the lenticular chamber. Also, as the width of the electrode increases, the fill factor of the lens decreases, resulting in reduction of optical efficiency. There is a trade off relationship between focal length and fill factor of the lens (optical efficiency). Due to these reasons, we selected the 50% of the electrode (actually 72%) as the optimized width of electrode and the tilted angle should be 72.5 degrees. Of course, even a sample having 55% (actually 77%) width of electrode can match the focal length to the image plane, but the fill factor become low.
Results
Crosstalk Measurement
We measured the crosstalk using the fabricated device with different width of electrode. The percentage of the electrodes were 34% (actually 56%), 42% (actually 64%) and 50% (actually 72%). The device was placed on a smart phone (G pro 2, LG). The display pixel pitch is 60 μm, which is 1/6 of the width of the single lenticular lens. Therefore, six pixels are used as one group of pixels. Three green pixels and three red pixels are arranged alternately. After applying voltage, we took a picture of green and red light by changing the viewing angle from −20°to 20°. The distance between the image and the camera was fixed at 25 cm. The intensity of each color was measured using a program called Image J as shown in Figs. 10(a)7-(c) .
Using Figs. 10(a)7-(c), the crosstalk was calculated. The crosstalk is the phenomenon where part of the image intended only for the left eye leaks through to the right eye, and some of that for the right eye leaks through to the left eye. This is determined by (8)
where I R and I L are the measured brightness for the right view and left view at the view angles, θ R and θ L , respectively. As a result, the crosstalk was measured at 31.3%, 26.66% and 21.95% when the percentage of the electrode is 34% (actually 56%), 42% (actually 64%) and 50% (actually 72%) respectively. After 50% of the width of the electrode, the crosstalk is no longer reduced but the fill factor of lens become reduced. If the percentage of the electrode exceeds 55% (actually 77%), the oil does not spread well. The relationship between tilted angle and crosstalk is shown in Fig. 11 . Before the point where the oil does not spread well, the crosstalk became decreased as the width of the electrode was increased. Furthermore, as the width of the electrode increases, the viewing angle was increased about 45°. The crosstalk was reduced by adjusting the focal length of the lens. The 21.95% was similar to the crosstalk of a typical commercial solid lenticular lens. We summarized the detailed parameters of the optimized liquid lenticular display in Table 2 . We confirmed that thin transparent electrode was deposited slightly more than it was shown. Therefore, the boundary line moves down bellow the end of the opaque electrode and transparent gap is formed between the boundary and the opaque electrode. Undesired light can be come out through this gap which can affect the 3D crosstalk. Therefore, it is expected that a more precise electrode deposition method will reduce the 3D crosstalk. Fig. 12(a) is a distorted image of the initial state when the lens in not operated. On the other hand, when the convex lens is formed by applying the voltage, Figs. 12(b)7-(d) show the difference of the 3D images with samples having different widths of the electrode. "E" of "CODE" and "K" of "KAIST" are the letters with the highest disparity. As the focal length of the lens exactly matches the image plane, the letters are clearly visible. It was verified that before the point where the oil does not spread well, the larger the width of the electrode, the less the distortion of the image.
Image Tests
The multi-view images (six views) were also measured at different angles. The 3D image was changed slightly depending on the view angle, as shown in Fig. 13 . We confirmed that "E" of "CODE" and "K" of "KAIST" were changed remarkably. The angle from one view-point to the same view point was measured as about 45°.
Conclusion
In this paper, the dioptric power of a liquid lenticular lens was designed precisely by controlling the width of the electrode. It is hard to adjust the width of the electrode by conventional electrode patterning method. The problem was resolved by using the tilted deposition method. After adjusting the width of the electrode of the chamber, the microfluidic phenomena at boundary between oil and salted water was observed. As the voltage was increased, the boundary line between salted water and oil extended down to the end of the electrode and it did not move down any further at the area where there is no electrode. When the quantity of oil was adjusted appropriately, the contact angle was saturated and no longer reduced at the end of the electrode. The saturated angle was measured as 69°. As a result, the crosstalk was reduced to 21.95%, which is similar to that of a commercial solid lenticular lens. This value was 10% less than when not being optimized the width of the electrode. Viewing angle was also measured as about 45°. Finally, image tests were performed with the fabricated device and we verified that the quality of 3D images was also increased.
